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Synechocystis sp. PCC 6803The PsbL protein is a 4.5 kDa subunit at themonomer–monomer interface of Photosystem II (PS II) consisting of a
single membrane-spanning domain and a hydrophilic stretch of ~15 residues facing the cytosolic (or stromal)
side of the photosystem. Deletion of conserved residues in the N-terminal region has been used to investigate
the importance of this hydrophilic extension. Using Synechocystis sp. PCC 6803, three deletion strains: Δ(N6–N8),
Δ(P11–V12) andΔ(E13–N15), have been created. TheΔ(N6–N8) andΔ(P11–V12) strains remained photoautotro-
phic but were more susceptible to photodamage than the wild type; however, the Δ(E13–N15) cells had the most
severe phenotype. TheΔ(E13–N15)mutant showeddecreased photoautotrophic growth, a reducednumber of PS II
centers, impaired oxygen evolution in the presence of PS II-speciﬁc electron acceptors, andwas highly susceptible to
photodamage. The decay kinetics of chlorophyll a variable ﬂuorescence after a single turnover saturating ﬂash and
the sensitivity to low concentrations of PS II-directed herbicides in theΔ(E13–N15) strain indicate that the binding
of plastoquinone to the QB-binding site had been altered such that the afﬁnity of QB is reduced. In addition, the PS
II-speciﬁc electron acceptor 2,5-dimethyl-p-benzoquinone was found to inhibit electron transfer through the
quinone-acceptor complex of theΔ(E13–N15) strain. The PsbL Y20Amutant was also investigated and it exhibited
increased susceptibility to photodamage and increased herbicide sensitivity. Our data suggest that the N-terminal
hydrophilic region of PsbL inﬂuences forward electron transfer from QA through indirect interactions with the
D–E loop of the D1 reaction center protein. Our results further indicate that disruption of interactions between
the N-terminal region of PsbL and other PS II subunits or lipids destabilizes PS II dimer formation. This article is
part of a Special Issue entitled: Photosynthesis Research for Sustainability: Keys to Produce Clean Energy.
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Photosystem II (PS II) is a multi-subunit complex embedded in the
thylakoid membrane of cyanobacteria, algae and plants where it cata-
lyzes the oxidation of water and photoreduction of plastoquinone
[1,2]. The structure of PS II from the thermophilic cyanobacteria
Thermosynechococcus elongatus and Thermosynechococcus vulcanus has
been obtained by X-ray crystallography [3–5]. These studies have
shown PS II to be dimeric, with each monomer containing the chloro-
phyll a-binding core antenna proteins CP43 and CP47 together with
the D1/D2 reaction center subunits and at least 16 additional polypep-
tides and 70 cofactors [3–6]. The complexity of PS II is in contrast to
the purple bacterial reaction center, which contains 4 subunits and 14
cofactors [7], despite structural and functional similarities in the core
reaction centers of these related photosystems [8–10].
The structural complexity of the PS II supercomplex is in part attrib-
uted to the presence of low-molecular-weight (LMW) transmembrane
polypeptides [11–13]. Thirteen LMW subunits have been identiﬁed on
the periphery of each PS II monomer [3–6]. Gene inactivation studies
suggest that the absence of these subunits frequently results inmutants
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addition, although LMW subunits do not appear to directly participate
in linear photosynthetic electron transport, several subunits have been
shown to regulate electron ﬂow within PS II [18–21].
The PsbL protein is one of three LMW polypeptides (the others are
PsbM and PsbT) located at the monomer–monomer interface of the
cyanobacterial PS II crystal structure [3–6]. This highly conserved
~4.5 kDa subunit consists of a single transmembrane helix and a
cytosol-exposed N-terminal region. Inactivation of psbL in the cyano-
bacterium Synechocystis sp. PCC 6803 (hereafter Synechocystis 6803)
severely retarded photoautotrophic growth [21,22].
It has been suggested that the C-terminus of PsbL is required for the
oxidation of the redox active tyrosine YZ on the D1 protein by the
oxidized primary donor of PS II, P680+, as determined by electron
paramagnetic resonance spectroscopy using PsbL-reconstituted PS II
complexes from spinach [23]. However, in the cyanobacterial PS II struc-
ture PsbL is not in the vicinity of YZ or the adjacent oxygen-evolving
complex (OEC). We investigated the role of the PsbL C-terminus in
Synechocystis 6803 and found that the last four C-terminal residues
were required for attachment of PsbL to the CP43-less PS II assembly
intermediate complex. The failure of PsbL to dock to the CP43-less PS
II complex in our mutant blocked the assembly of functional oxygen-
evolving photosystems [24]. We also demonstrated that mutations
targeting other conserved residues of the PsbL transmembrane domain
resulted in increased susceptibility to photodamage.
Among the LMW subunits of PS II, PsbL is unique in having its
N-terminal region exposed to the cytosolic side of the membrane. To
extend our understanding of the role of PsbL in PS II, this hydrophilic
stretch of residues has been investigated by the introduction of short
deletions using site-directed mutagenesis in Synechocystis 6803.
2. Materials and methods
2.1. Synechocystis 6803 growth conditions
The glucose tolerant strain of Synechocystis 6803 [25] was grown
in BG-11 media under constant illumination at ~30 μmol photons
m−2 s−1. Cultures were maintained on solid BG-11 plates in the pres-
ence of 5 mM glucose, 20 μM atrazine, 10 mM TES-NaOH (pH 8.2),
0.3% sodium thiosulfate and appropriate antibiotics [26]. The liquid
cultures were grown mixotrophically in the presence of 5 mM glucose
and appropriate antibiotics. In both solid and liquid media, the antibi-
otics used were chloramphenicol at 15 μg mL−1 and kanamycin at
25 μg mL−1.
2.2. Generation of the PsbL mutant strains
The mutant strains were created using an oligonucleotide-directed
PsbL mutagenesis system [24]. The Δ(N6–N8), Δ(P11–V12) and
Δ(E13–N15) strains were made using oligonucleotides: 5′-ATGG
ACAGAAATTCA//CGCCAACCGGTGGAA-3′, 5′-AACCCAAACCGCCAA//
GAATTGAACCGCACT-3′ and 5′-AACCGCCAACCGGTG//CGCACTTCTTTA
TAC-3′, respectively, where the two backslashes indicate the position
of the deletion.
2.3. Measurement of photosynthetic activity
Photosynthetic activity was measured either by oxygen evolution
in whole cells or by monitoring the reduction of 2,6-dichloro-
phenolindophenol (DCPIP) in isolated thylakoid membranes. Oxygen
evolution in whole cells was performed according to [24]. For whole
chain oxygen evolution measurements 15 mM sodium bicarbonate
was used.
Isolation of thylakoid membranes from Synechocystis 6803 cells was
performed according to [24]. Thylakoid membranes corresponding
to 10 μg mL−1 of chlorophyll a were resuspended in the assay buffer(50 mM Tricine–NaOH (pH 7.5), 600 mM sucrose, 30 mM CaCl2 and 1
M betaine) containing 100 μM DCPIP. The light-induced reduction of
DCPIP was monitored spectrophotometrically at 590 nm using a Cary
118 UV–vis spectrophotometer (Varian, Palo Alto, CA, USA) and the
sample was illuminated at room temperature with red light provided
by a FLS2 light source (Hansatech, King's Lynn, UK) passed through a
Melles Griot RG 665 optical ﬁlter. The photomultiplier was protected
with a Melles Griot BG 38 ﬁlter.
2.4. PS II assembly
The relative level of assembled PS II reaction centers was estimated
on a chlorophyll basis by employing a [14C]-atrazine herbicide-binding
assay [27,28]. Assembly of the PS II native complexes was visualized
using blue native-polyacrylamide gel electrophoresis (BN-PAGE)
followed by western blot analysis as described in [24]. The estimation
of the level of PsbL expressed in the speciﬁc mutants was also deter-
mined with a PsbL-speciﬁc antibody as described in [24].
2.5. Variable chlorophyll a ﬂuorescence measurements
Cells in liquid culturewere harvested at anOD730 nmof 1.0–1.2 (Jasco
V-550 UV/vis spectrophotometer; Jasco International) by centrifugation
at 2760 g for 10min at room temperature andwashed twice in buffered
BG-11 containing 25mMHEPES–NaOH (pH 7.5). Cells were resuspend-
ed at a chlorophyll a concentration of 10 μg mL−1 and incubated for
60 min under the standard growth conditions described above with
constant shaking at 120 rpm. Prior to each measurement, cells were
diluted 1:3 with fresh BG-11 (pH 7.5) media and incubated in the
dark for 4 min at room temperature.
Variable chlorophyll a ﬂuorescence measurements were performed
using a double modulation ﬂuorometer (PS I instruments, Brno, Czech
Republic). Chlorophyll a ﬂuorescence induction was measured over
a period of 5 s under a continuous blue actinic light (455 nm) at
2800 μmol photonsm−2 s−1. Decay of the variable chlorophyll a ﬂuores-
cencewasmeasured in the 50 μs to 60 s time range after a 30 μs saturating
single turnover ﬂash (455 nm). Component analysis of the ﬂuorescence
relaxation kinetics attributed to forward and back electron transfer was
performed according to [29]. When added, 3-(3,4-dichlorophenyl)-1,1-
dimethylurea (DCMU) or diuron was at a ﬁnal concentration of 40 μM
and 2,5-dimethyl-p-benzoquinone (DMBQ) was at 200 μM.
2.6. Photodamage and recovery measurements
To assess the sensitivity of different mutants to photodamage,
cells at 10 μg mL−1 were subjected to high intensity white light at
2000 μmol photons m−2 s−1 provided by a Kodak Ektalite 1000 slide
projector for up to 45min, followed by recovery under 30 μmol photons
m−2 s−1 light provided by 250 W metal halide lamps [24]. When
utilized, kanamycin (50 μg mL−1) was added 10 min prior to starting
the assay to prevent protein synthesis.
3. Results
3.1. Conserved residues in the N-terminus of PsbL
The PsbLN-termini of 34 cyanobacterial strains varied in length from
13 to 17 amino acids; the shortest were from Gloeobacter violaceus
and T. elongatus and the longest from Trichodesmium erythraeum
(Supplementary Fig. S1). In themajority of the cyanobacteria, including
Synechocystis 6803, the hydrophilic region at the N-terminus contained
15 amino acids; however, even among these strains the ﬁrst ﬁve amino
acids were not conserved. Only four residues were conserved in all
the cyanobacterial strains examined, and these were: Pro-7, Glu-13,
Leu-14 and Asn-15 (numbers are based on the Synechocystis 6803
sequence). The Asn-6 and Asn-8 residues differed only in the PsbL
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served in 33 out of 34 cyanobacterial strains (altered to Ser in
Prochlorococcus marinus SS120) and the Val-12 residue was altered in
three strains (Gly in G. violaceus and Ala in Prochlorococcus marinus
MIT9313 and P. marinusMIT9303). Amino acids at positions 9 and 10
were less conserved (Supplementary Fig. S1). Based on these sequence
comparisons deletion strains were constructed to target the more con-
served amino acids in the N-terminal hydrophilic region (Fig. 1).
3.2. Characterization of PsbL N-terminal mutant strains
A mutagenesis system described in [24] was used to generate the
amino acid deletions in PsbL in Synechocystis 6803. Three deletion
mutants targeting the conserved residues within the PsbL N-terminus
were created:Δ(N6–N8),Δ(P11–V12) andΔ(E13–N15), where this no-
menclature indicates deletions from Asn-6 to Asn-8, Pro-11 to Val-12,
and Glu-13 to Asn-15, respectively (Fig. 1). Complete segregation of
the introduced mutations was conﬁrmed by PCR and the presence of
the mutated protein was conﬁrmed by western blotting with an anti-
body to PsbL (Fig. 2A). The control strain contained the antibiotic-
resistance marker downstream of psbL as in the mutants but apart
from antibiotic resistance its phenotype could not be distinguished
from the wild type [24]. All mutant strains grew photoautotrophically
although growth of the Δ(E13–N15) strain was severely impaired
with a doubling time N 50 h, whereas the Δ(N6–N8) and Δ(P11–V12)
strains had growth rates that resembled those of the wild type and
the control strain (Fig. 2B).
Whole chain oxygen evolution rates in the absence of exogenous
electron acceptors were similar for the three mutants and the wild
type under saturating actinic light (Fig. 2C). A number of PS II mutant
strains in Synechocystis 6803 have been observed to retain the wild-
type levels of oxygen evolution when the number of PS II centers is
diminished (e.g., [30,31]). In addition, a lack of correlation between
growth rates and oxygen evolution rates supported by artiﬁcial electron
acceptors has been reported (e.g., [32,33]). Accordingly, the impact of
the PsbL deletions on the number of assembled PS II centers was
estimated using a herbicide-binding assay employing different concen-
trations of radiolabeled atrazine (Fig. 2D). The Δ(N6–N8) and Δ(P11–
V12) strains had chlorophyll a to PS II ratios similar to the wild type
(~450–630 chlorophyll/PS II); however, the Δ(E13–N15) mutant had
a chlorophyll/PS II ratio of 1560 suggesting an approximately three-
fold reduction of PS II centers in this strain.
Since theΔ(N6–N8) strainwas photoautotrophic, evolved oxygen at
a similar rate to the other strains and assembled photosystems with a
chlorophyll/PS II ratio similar to the wild type, the absence of a signal
in thewestern blot of thismutantwas assumed to be due to the deletion
resulting in a structural change in the epitope recognized by the
antibody (Fig. 2A–D).Fig. 1. PsbL protein sequence and structure. PsbL amino acid sequence of Synechocystis sp.
PCC 6803 (Smr0007) and Thermosynechococcus elongatus BP-1 (Tsr1543). The boxes on the
Smr007 sequence contain residues deleted in this study. The consensus symbols shown
below the two sequences were annotated based on the alignment of 34 cyanobacterial
PsbL protein sequences (Supplementary Fig. S1): fully conserved residues are marked with
(*), highly conserved residues with conservative substitutions (:) and highly conserved res-
idues with non-conservative substitutions (.). The thick solid black line above the alignment
represents the α-helical membrane-spanning domain and the thin line represents an
extended N-terminal region on the cytosolic side of the membrane. The C-terminus of
PsbL does not protrude into the lumen. Residues in the C-terminus indicated with a black
circle have been previously mutated [24].3.3. Deletions in the PsbL N-terminal region destabilize the assembly of the
PS II dimer
The reduced photoautotrophic growth and PS II assembly of the
Δ(E13–N15) strain indicated that the hydrophilic N-terminus of PsbL
may be important for maintaining optimal photosynthetic perfor-
mance. As PsbL is at the dimer interface we investigated whether
changes to PS II in the PsbL mutants include altered dimer formation.
To assess PS II assembly, BN-PAGE followed by immunodetection
using D1-speciﬁc and CP43-speciﬁc antibodies was used to determine
the relative abundance of PS II dimers, monomers and other assembly
intermediates. The abundance of the PS II native complexes in the
Δ(N6–N8) strain was similar to the wild type (Fig. 3). In contrast, for
the Δ(P11–V12) and Δ(E13–N15) strains, accumulation of PS II dimers
was reduced and levels of the CP43-less monomer were elevated in
these cells (Fig. 3). In this experiment a psbA deletion strain (described
in [34]), lacking all three copies of the psbA gene encoding the D1 pro-
tein, was included as a control and no assembled centers were detected
in this mutant.
3.4. PsbL deletion strains exhibit increased susceptibility to photodamage
To further investigate the impaired photoautotrophic growth in the
Δ(E13–N15) mutant we next determined the susceptibility of our mu-
tant strains towards photodamage. Following exposure to high-light
stress PS II activity was measured using PS II-speciﬁc electron acceptors
(membrane permeable DMBQ in the presence of the non-permeable
oxidant K3Fe(CN)6). The Δ(E13–N15) cells were more susceptible to
photodamage than the wild type with a rapid ~90% loss of the initial
oxygen-evolving activity after 15min of exposure at 2000 μmol photons
m−2 s−1 and this reduced rate was maintained until the end of the
high-light-treatment period (Fig. 4A). In contrast the wild type ap-
peared to acclimate to the high-light treatment, with only a small
decline in activity followed by restoration to initial levels. The other
two mutant strains, Δ(N6–N8) and Δ(P11–V12), were susceptible
to high light with oxygen evolution reduced by ~50% and ~70%,
respectively (Fig. 4A). Upon transferring to low-light conditions
(30 μmol photons m−2 s−1) all three mutants were able to recover
within 15min. Indeed, all strains except theΔ(E13–N15)mutant exhib-
ited oxygen evolution rates that exceeded their initial pre-treatment ac-
tivity and maintained these elevated levels throughout the remainder
of the low-light recovery period.
Previously a PsbL mutant (Y20A) was shown to be susceptible to
photodamage in the presence of DMBQ and K3Fe(CN)6 to a similar
extent to Δ(E13–N15) cells [24]. The Tyr-20 residue is located near
the N-terminal beginning of PsbL's membrane-spanning domain and
is highly conserved (Fig. 1). This residue differed in only 2 out of
34 cyanobacterial strains, Synechococcus elongatus sp. PCC 7942 and
Acaryochloris marinaMBIC11017, which had the conservative substi-
tution of Phe at this position (Supplementary Fig. S1). Although the
extent of photodamage between the Δ(E13–N15) and Y20A cells is
similar the kinetics of inactivation in the Y20A were slower. While
the Δ(E13–N15) cells are inactivated with a half-time of b15 min
when exposed to high light, the Y20A cells exhibited a half-time of
~15 min and took ~45 min to be ~90% inhibited [24]. Nevertheless
the recovery of both strains observed upon return to low light was
similar.
As the photodamage phenotypes of the Δ(E13–N15) and Y20A
strainswere similar in the presence of PS II-speciﬁc acceptors we inves-
tigated the susceptibility of PS II to photodamage in both strains under
conditionswhere whole chain electron transport was active. In contrast
to the situation when oxygen evolution was supported by PS II-speciﬁc
electron acceptors, whole chain electron transport in the presence of
15 mM bicarbonate was not susceptible to photodamage in the wild-
type and Y20A cells and only a limited decline in oxygen evolution
was observed in the Δ(E13–N15) mutant (Fig. 4B). Upon transferring
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sitive to high light and displayed a linear reduction in oxygen evolution.
The oxygen-evolving capacity of the wild-type cells was reduced by
~40% at the end of the high-light exposure, and that of Y20A and
Δ(E13–N15) cells by 50% and 85%, respectively. The oxygen-evolvingre
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Arates in mutant cells did not recover upon removal of the light stress
while kanamycin was present, indicating the requirement for de
novo protein synthesis. Interestingly, the wild-type cells showed a
partial recovery suggesting the existence of limited protein-synthesis-
independent recovery. However, this experiment demonstrated that
the presence of bicarbonate did not prevent photodamage and there-
fore the effect of PS II-speciﬁc electron acceptors on PS II activity in
the Δ(E13–N15) and Y20A mutants was investigated (also see Fig. S2).
3.5. Sensitivity to artiﬁcial quinones in the Δ(E13–N15) and Y20A cells
Oxygen evolution rates shown in Table 1 indicated that even
without high-light treatment DMBQ/K3Fe(CN)6-supported oxygen-
evolving activity of the Δ(E13–N15) cells was impaired compared to
activity in the presence of bicarbonate. In contrast, the wild type and
theΔ(N6–N8),Δ(P11–V12) and Y20A cells had similar rates with either
electron sink (Table 1). To investigate the impact of DMBQ on PS II
activity in theΔ(E13–N15) strain, oxygen evolution at different concen-
trations of DMBQ was measured. As shown in Fig. 5A, the Δ(E13–N15)
cells were sensitive towards DMBQwith a half-inhibitory concentration
(I50) of 225 μM; and the addition of 400 μM DMBQ resulted in ~70%
reduction of oxygen-evolving activity. In contrast, DMBQ enhanced
oxygen evolution in the wild type and resulted in a linear increase in
oxygen evolution rates with a two-fold increase at 400 μM of DMBQ
relative to the activity in the absence of DMBQ. In contrast, Y20A cells
were not responsive to increasing the concentration of DMBQ.
The Δ(E13–N15) cells were also sensitive to 2,6-dichloro-
benzoquinone (DCBQ) concentrations with an I50 value of 50 μM
(Fig. 5B); however, although the rate ﬂuctuated at higher DCBQ con-
centrations it did not decrease further. Moreover, Y20A cells exhibited
little change with increasing concentrations of DCBQ and no inhibitory
effect was observed in the wild type where an observed stimulation of
oxygen-evolving activity saturated at 200 μM.
3.6. Fluorescence induction is altered in the Δ(E13–N15) strain in the
presence of DMBQ
To investigate the effect of DMBQ on electron transfer through PS II
in the Δ(E13–N15) cells, steady-state chlorophyll a ﬂuorescence induc-
tion measurements were made in the presence and absence of DMBQ
with the omission of K3Fe(CN)6. Upon turning on the actinic light the
variable ﬂuorescence rises to an initial J level that corresponds to reduc-
tion of QA and then, following an intermediate plateau (I), the ﬂuores-
cence increases to a maximum P level. The ﬂuorescence then declines
as a result of the activation of Calvin–Benson cycle enzymes and the
various quenchingmechanisms [35–38]. In Fig. 6, total variable ﬂuores-
cence yield in the Δ(E13–N15) cells is lower than in the wild type
reﬂecting the reduced level of active PS II centers in this mutant; how-
ever, the ratio of the O to J rise divided by the I to P rise is larger in the
Δ(E13–N15) strain indicating that there is an accumulation of reduced
QA in these cells (Fig. 6A, B). Both the wild type and the Δ(E13–N15)
cells were inhibited by the addition of diuron that prevents oxidation
of QA− by binding at the QB site [39]. The addition of DMBQ to the wild
type caused some alteration of the ﬂuorescence induction kinetics but
the changes did not suggest impairment of electron transfer. In contrast,Fig. 4. Oxygen evolution of light-stressed PsbL mutant cells in the presence of difference
electron acceptors. (A) Oxygen evolution measured in the presence of 200 μM DMBQ
and 1 mM K3Fe(CN)6. Wild type (closed circles); Δ(N6–N8) (open diamonds); Δ(P11–
V12) (open triangles); Δ(E13–N15) (closed squares). (B) Sensitivity of the Δ(Ε13–Ν15)
and Υ20Α strains in the presence of 15 mM sodium bicarbonate. Wild type (closed
circles); Δ(E13–N15) (closed squares); Y20A (closed triangles). (C) Response of
wild-type andmutant cells to high light in the presence of kanamycin and 15mM sodium
bicarbonate. Symbols are the same as in panel B. Kanamycin at 50 μg mL−1 was added
at the beginning of the experiment. In panels A–C, high light (HL)was 2000 μmol photons
m−2 s−1 and low light (LL)was 30 μmol photonsm−2 s−1. Oxygen evolution data are the
average ± the standard error from three independent experiments.
Table 1
Rates of oxygen evolution (μmol O2(mg chlorophyll)−1 h−1) in Synechocystis sp. PCC 6803 cells of thewild type and the PsbL N-terminal deletionmutants as measured in the presence of
different electron acceptors.
Electron acceptors Wild type Control Δ(N6–N8) Δ(P11–V12) Δ(E13–N15) Y20A
No addition 403 ± 22 451 ± 54 450 ± 23 439 ± 7 428 ± 37 470 ± 38
DMBQa 658 ± 2 660 ± 20 513 ± 33 663 ± 15 189 ± 43 633 ± 18
Bicarbonateb 653 ± 38 n.d.c n.d. n.d. 581 ± 65 587 ± 45
a Electron acceptors were 200μM DMBQ and 1mM K3Fe(CN)6.
b Sodium bicarbonate at 15mM was added to support oxygen evolution.
c n.d.: not determined.
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the ﬂuorescence induction trace which more closely resembled the ad-
dition of the herbicide. These data suggest that the acceptor side of PS II
is altered in the Δ(E13–N15) cells so as to slow electron transfer be-
tween QA− and QB and that this change is accompanied by DMBQ acting
in a similar fashion to diuron and blocking forward electron transfer in
the mutant.
We also investigated the ﬂuorescence induction proﬁle from the
Y20A mutant with no addition or in the presence of diuron and the
kinetics resembled those observed for the wild type; however, the
total variable ﬂuorescence yield was reduced (Fig. 7C). The addition of
DMBQ to the Y20A cells resulted in a ﬂuorescence proﬁle that plateaued
earlier than that of the wild type but unlike the Δ(E13–N15) strain this
did not resemble the addition of diuron.
The increase of ﬂuorescence at 1 s in the presence of diuron in both
thewild type and themutants was not investigated further in this study
(but see [40]); however, the extent of the variable ﬂuorescence ob-
served in the presence of diuron in Fig. 6A, B suggests that there is a
two-fold reduction in the relative level of PS II in the Δ(E13–N15) cells
compared to the wild type. This conclusion is supported by the extent
of variable ﬂuorescence observed for the control and the Δ(E13–N15)
cells after a single-turnover actinic ﬂash in Fig. 7 (see below) and hence
suggests that the herbicide-binding assay may have underestimated the
level of assembled PS II centers in the mutant (cf. Fig. 2D).
3.7. Flash-induced chlorophyll a ﬂuorescence relaxation
To test the hypothesis that DMBQ acts to block QA− oxidation in the
Δ(E13–N15) cells, the decay kinetics of the variable chlorophyll ao
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Fig. 5. Effect of artiﬁcial quinones on oxygen evolution inwild type andmutant strains. Oxygen
(circles),Δ(E13–N15) (squares) and Y20A (triangles). Oxygen evolutionwasmeasured at satur
the average ± the standard error from at least three independent experiments.ﬂuorescence yield were measured after a saturating ﬂash. Fig. 7A, B
present primary data from the wild type and the Δ(E13–N15) cells on
a log scale: Fig. 7C, D present the normalized data with the inset show-
ing the decay on a linear scale for 10 ms after the actinic ﬂash. The
kinetics can be divided into three components: a fast phase ascribed
to forward electron transfer from QA− to QB, an intermediate phase
describing the binding of plastoquinone to the QB site, and one slow
phase ascribed to a back reaction consisting of charge recombination
between QA− and the donor side of PS II [29,41,42].
In the absence of DMBQ, the ﬂuorescence yield relaxation in the
control was dominated by a fast phase (half time, ~270 μs) with an
amplitude of ~60%. The contribution of the intermediate phase (half
time, ~2.5 ms) was ~35% and the slow phase (half time, ~8.0 s) had
an amplitude of ~5% (Table 2). In theΔ(E13–N15) cells, the decay kinet-
ics resembled those of the control except the half time of the fast phase
which was ~300 μs and corresponded to ~50% of the total ﬂuorescence
amplitude and there was also a factor of two increase in the rate and
amplitude of the slow component.
When DMBQwas present there was little effect on the chlorophyll a
ﬂuorescence decay kinetics of the control beyond a small acceleration of
the fast phase and a slowing of the intermediate phase from 2.5 ms to
3.2 ms (Table 2). In contrast, addition of DMBQ to the Δ(E13–N15)
cells slowed the fast and intermediate phases and reduced their ampli-
tudes. The presence of DMBQ also accelerated the rate of the slowphase
from 4.0 s to 1.3 s and increased the amplitude of this component from
15 to 45%. These results suggest that DMBQ slows forward electron
transfer and enhances the back reaction with the S2 state of the OEC in
the Δ(E13–N15) cells (for a discussion of the S states of the OEC, see
[1]). Moreover, these observations support the interpretation that theB
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displaced bound plastoquinone.
Since the Y20A cells were also sensitive to DMBQ, although the in-
hibitory effect required exposure to high light [24], we also determined
the effect of DMBQ on the variable chlorophyll a ﬂuorescence decay
kinetics in this mutant. The cells were subjected to similar light stress
conditions as seen in Fig. 4 and the cells were harvested at the speciﬁed
timepoints and theirﬂuorescence decay kineticsmeasured (Table 3 andFig. 8). Inwild type, prolonged irradiation for 45min led to ~50% reduc-
tion in the total variable ﬂuorescence yield indicating light-induced re-
duction of functional QA. However, when compared to non-irradiated
cells, the slow phase of the ﬂuorescence decay was accelerated from
~6.0 to ~1.0 s and the relative contribution of this phase was increased
from ~9 to ~20%with a corresponding reduction in the amplitude of the
fast phase (Table 3). This suggests that a sizable fraction of the remain-
ing QA active centers following high-light-induced stress was trans-
formed into non-QB-reducing centers and underwent a back reaction
with the PSII donor side. However, the half times of the fast and inter-
mediate phases remained essentially unaltered. Moreover, the response
of the Y20A cells following high-light-induced stress was similar to the
wild type except that there was an ~70% reduction in the total variable
ﬂuorescence following high-light exposure for 45 min (Table 3).
When DMBQ was added to wild-type cultures following high-light-
induced stress, the ﬂuorescence decay kinetics remained dominated by
the fast phase, as they had been in the absence of DMBQ, corresponding
to almost 50% of the total amplitude after 45 min illumination, with a
half time of ~180 μs. Also, after the high-light treatment, the amplitude
of the intermediate and slow phases was 25% and 28% and their half
times were 3.3 ms and 1.8 s, respectively. In contrast, following the
45 min high-light-induced stress, the kinetics of the chlorophyll a
variable ﬂuorescence decay in the Y20A cells were dominated by the
slow phase (half time, 1.7 s) with an amplitude of ~45%: while that of
the fast phase was reduced to 36%. Additionally, in the Y20A cells, the
amplitude of the intermediate phase remained essentially unchanged
but the half time was more than two-fold longer (6.9 ms vs. 2.5 ms)
compared to cells in the absence of DMBQ but after exposure to high
light for 45 min (Table 3).
These data suggest that DMBQmay impair forward electron transfer
in the light-stressed Y20A cells in a similar manner to DMBQ-induced
inhibition of QA− oxidation in the non-light-stressed Δ(E13–N15) cells.
Moreover, the apparent increase in the amplitude of the back reaction
corresponding to charge recombination between QA− and the PS II
donor side, together with the observed increase in the rate of the inter-
mediate component in the Y20A cells, suggests that this mutant may
also possess an altered QB site following light-induced stress that can
be perturbed by DMBQ.
3.8. Oxygen evolution as a function of PS II herbicide concentration in wild
type and the PsbL mutant cells
Since the oxygen-evolving ratesmeasuredwith no addition or in the
presence of bicarbonate in the Δ(E13–N15) and Y20A strains were
similar to those of the wild type (Fig. 2C, Table 1), this could be
explained by plastoquinone accessing the QB site normally under phys-
iological conditions. On the other hand, our herbicide-binding data and
chlorophyll a ﬂuorescence yield measurements suggest that the afﬁnity
of plastoquinone to the QB site may be affected in these mutants. To
explore these ideas, oxygen evolution in whole cells was measured in
the presence of atrazine, diuron and bromoxynil, examples of triazine,
urea and phenolic herbicides, respectively, which all bind to the QB
niche of PS II [43–46]. Fig. 9 shows that PS II activity in the mutant
strainswas readily inhibited by lower concentrations of atrazine and di-
uron compared to thewild type (Fig. 9A, B). In theΔ(E13–N15)mutant,
the I50 value of atrazine was 2.5 μM, while the I50 in the wild type was
11 μM (Table 4). The Y20A cells exhibited a similar I50 value as that of
the Δ(E13–N15) mutant at 2.0 μM. The I50 of diuron in the wild type
was 750 nM, and those of the Δ(E13–N15) and Y20A strains were
330nMand350 nM, respectively. Interestingly, theY20A cells exhibited
a similar sensitivity to the phenolic herbicide bromoxynil as that of the
wild type (I50 values of 120 μM and 100 μM for the wild-type and Y20A
cells, respectively) but the Δ(E13–N15) cells were found to have an I50
value of 25 μM (Fig. 9C, Table 4). In addition, the I50 of atrazine in the
wild-type thylakoids was 760 nM but ~280 nM in the two mutants
(Fig. S3).
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Removal of PsbL in Nicotiana tabacum (tobacco) has been reported
to result in impaired biosynthesis of PS II to a level where photoautotro-
phic growth is not supported [47,48]. A similar phenotypewas obtained
withΔpsbLmutants of Synechocystis 6803 and these results suggest that
association of CP43 with the CP43-less PS II subcomplex is impeded
[21,22,48]. Where functional PS II centers were assembled in ΔpsbL to-
bacco mutants, the QB binding site was perturbed so as to facilitate
backward electron ﬂow from PQH2 to QA [20]. Truncation of the four
membrane-embedded C-terminal residues of PsbL in Synechocystis
6803 also prevented PS II assembly and led to an accumulation of the
CP43-less PS II subcomplex [24]. PsbL is characterized by an ~24
amino acid membrane-spanning segment and an ~15 amino acid hy-
drophilic extension on the cytosolic side of themembrane that is unique
among the membrane-spanning LMW subunits of PS II. The Δ(N6–N8),
Δ(P11–V12) and Δ(E13–N15) mutants of this study all target this
hydrophilic region (Fig. 1).
The interactions of the N-terminal extension with neighboring PS II
subunits in the 1.9-Å resolution PS II structure (PDB ID: 3ARC) fromTable 2
Effect of DMBQ on forward electron transfer kinetics in cells of the Synechocystis sp. PCC
6803 PsbL control strain and the PsbL Δ(E13–N15) mutant.
Strain Fast phase t1/2
(μs)/Amp (%)
Intermediate phase t1/2
(ms)/Amp (%)
Slow phase t1/2
(s)/Amp (%)
Control
No addition: 274 ± 10/60 ± 1 2.5 ± 0.1/35 ± 1 8.3 ± 0.7/7 ± 0.1
DMBQ: 209 ± 9/63 ± 1 3.2 ± 0.4/28 ± 1 6.2 ± 0.9/13 ± 0.4
Δ(E13–N15)
No addition: 303 ± 19/52 ± 2 3.0 ± 0.2/34 ± 2 4.0 ± 0.5/15 ± 0.3
DMBQ: 390 ± 34/30 ± 1 12.4 ± 1.3/24 ± 1 1.3 ± 0.1/45 ± 0.7T. vulcanus are summarized in Fig. 10 (numbering here is for
T. vulcanus, cf. Fig. 1 and Supplementary Fig. S1 which shows the
N-terminal two-amino-acid deletion with respect to the sequence
for PsbL from Synechocystis 6803). The PsbL hydrophilic segment
may stabilize the QB-binding site via interactions with the D–E loop
of D1 through interactions with the N-terminus of CP47. In the
T. vulcanus structure the PsbL residues Asn-6, Pro-9 and Glu-11 make
hydrogen bonds with the CP47 residues Asp-15, Leu-3 and Gly-2, re-
spectively (Fig. 10). The CP47 residues Leu-3 and Arg-7 hydrogen
bond with Thr-230 and Glu-231 of the D1 D–E loop which, in turn,
connects to the quinone–Fe complex through D1-His-215. Hence dis-
ruption of these interactions might result in a structural change in the
vicinity of the QB-binding site by perturbing D1-His-215.
An involvement of the D–E loop in the conformation of the QB site
has been previously investigated through the introduction of long dele-
tions in this region of D1 [33,49]. Notably the D1:Δ(R225-F239) mutant
was found to exhibit lower rates of oxygen evolution when supported
by DMBQ than when supported by DCBQ but had similar rates to a
control strain when oxygen evolution was supported by the addition
of bicarbonate [49]. Interestingly, the short deletion between Glu13
and Asn-15 in the hydrophilic extension of PsbL produced a similar
phenotype whereby rates of oxygen evolution were close to the
control value in the presence of bicarbonate (Table 1) but were sup-
pressed when DCBQ or DMBQ were used as an electron acceptor
(Fig. 4). In contrast to the D1:Δ(R225-F239) mutant, however, the
PsbL:Δ(E13–N15) cells were more susceptible to partial inhibition
by DCBQ than DMBQ.
Among the three PsbL deletion strains, the Δ(E13–N15) mutant
possessed the most severe phenotype and this would be expected
since the correspondingAsn in T. vulcanus (Asn-13) is hydrogen bonded
to Ser-16 as a result of the register of the membrane-spanning helix.
Since the register of the helix is unlikely to change due to the multiple
Table 3
Effect of DMBQ on relaxation of the ﬂash-induced chlorophyll a ﬂuorescence yield in Synechocystis sp. PCC 6803 wild type and the PsbL Y20A strain following exposure to high light.a
Strain Time (min) Total amplitude (%) Fast phase t1/2 (μs)/Amp (%) Intermediate phase t1/2 (ms)/Amp (%) Slow phase t1/2 (s)/Amp (%)
wild type 0 100 280 ± 12/64 ± 1 2.3 ± 0.2/31 ± 2 6.3 ± 0.8/9 ± 0.2
15 67 278 ± 17/50 ± 2 2.5 ± 0.2/32 ± 2 1.9 ± 0.1/18 ± 0.3
30 56 305 ± 25/49 ± 2 2.7 ± 0.3/27 ± 2 1.2 ± 0.1/23 ± 0.4
45 50 285 ± 20/51 ± 2 2.6 ± 0.3/29 ± 2 1.6 ± 0.1/20 ± 0.3
Y20A 0 100 325 ± 14/61 ± 2 3.0 ± 0.2/30 ± 2 6.8 ± 0.8/12 ± 0.2
15 59 336 ± 21/51 ± 2 3.2 ± 0.4/25 ± 2 1.6 ± 0.1/24 ± 0.4
30 40 286 ± 24/50 ± 2 3.0 ± 0.4/28 ± 2 2.2 ± 0.2/21 ± 0.5
45 28 205 ± 18/48 ± 2 2.5 ± 0.3/32 ± 2 1.6 ± 0.2/20 ± 0.5
wild type +DMBQ 0 100 180 ± 10/64 ± 1 4.4 ± 0.4/26 ± 1 4.2 ± 0.6/15 ± 0.4
15 71 212 ± 12/56 ± 1 4.7 ± 0.4/25 ± 1 2.7 ± 0.2/22 ± 0.4
30 52 209 ± 12/50 ± 1 4.1 ± 0.4/25 ± 1 2.6 ± 0.2/26 ± 0.3
45 48 184 ± 13/49 ± 1 3.3 ± 0.3/25 ± 1 1.8 ± 0.1/28 ± 0.4
Y20A +DMBQ 0 100 248 ± 16/56 ± 1 5.8 ± 0.7/25 ± 1 2.7 ± 0.3/22 ± 0.5
15 62 257 ± 16/41 ± 1 5.5 ± 0.5/23 ± 1 1.8 ± 0.1/36 ± 0.4
30 41 167 ± 18/35 ± 2 5.1 ± 0.7/20 ± 1 1.7 ± 0.1/43 ± 0.6
45 30 170 ± 22/36 ± 2 6.9 ± 1.3/20 ± 1 1.7 ± 0.1/45 ± 0.1
a Cyanobacterial cells were exposed to high light of 2000μmol photons m−2 s−1 for the indicated amount of time and the relaxation of the ﬂash-induced chlorophyll a variable ﬂuo-
rescence yield was measured in the absence or presence of DMBQ.
1443H. Luo et al. / Biochimica et Biophysica Acta 1837 (2014) 1435–1446hydrophobic interactions involved, the interactions involving CP47 are
likely to be disrupted in the Δ(E13–N15) mutant. However, the Δ(N6–
N8) strain has only one disrupted interaction with CP47 and the
Δ(P11–V12) strain may still have interactions between PsbL and CP47
since half of the interactions do not arise from the side chains and
may therefore be compensated for in part by the main chain interac-
tions arising in any rearrangement. Nevertheless, we did observe that
the structural change introduced into the Δ(N6–N8) mutant prevented
recognition by our PsbL antibody whereas PsbL in the other strains was
readily detected (Fig. 2A).re
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mutants might also explain their different impacts on dimer formation
observed in Fig. 3. These experiments were performed in the presence
of 1% n-dodecyl β-D-maltoside (DM). However, biochemical characteri-
zation in T. elongatus and Synechocystis 6803 suggests that addition of
DM induces the formation of dimeric PS II complexes [50,51]: thus
our data imply that dimer stability is reduced in the Δ(P11–V12) and
Δ(E13–N15) mutants.
Both the measurements of variable chlorophyll a induction and the
decay of chlorophyll ﬂuorescence following a single turnover actinictime, s
1.0
0.5
0
10-5 10-4 10-3 10-2 10-1 100 101 102
1.0
0.5
0
time, ms
1.0
0.5
0
10-5 10-4 10-3 10-2 10-1 100 101 102
0 min
45 min
1.0
0.5
0
0 2 4 6 8 10
0 2 4 6 8 10
time, ms
the wild type and the Y20A strain in the presence or absence of DMBQ after high-light
d-type cells. (B) Non-irradiated Y20A cells. (C) Light-treated wild-type cells after 45 min
ow changes of the ﬂuorescence signals over the initial 10 ms on a linear scale. When
are in open symbols, and without DMBQ are in closed symbols. Signals were normalized
int is shown.
o
xy
ge
n 
ev
ol
ut
io
n 
(%
)
[atrazine], µM
0
50
100
10-1 100 101 102
A
[diuron], nM
0
50
100
101 102 103 104
o
xy
ge
n 
ev
ol
ut
io
n 
(%
)
B
C
[bromoxynil], µM
0
50
100
10-1 100 102 103101
o
xy
ge
n 
ev
ol
ut
io
n 
(%
)
Fig. 9. Determination of the concentration of herbicide required to reduced initial PS II
activity by 50% (I50) for atrazine (A), diuron (B) and bromoxynil (C) in wild type and
the mutant cells as measured by oxygen evolution. Symbols are: wild type (circles),
Δ(E13–N15) (squares) and Y20A (triangles). Oxygen evolution was measured at saturat-
ing light intensity in the absence of artiﬁcial electron acceptors. Data are the average± the
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Table 4
Half-inhibitory concentrations of herbicide in cells of Synechocystis sp. PCC 6803wild type
and the PsbL Δ(E13–N15) and Y20A mutants as determined by measuring oxygen
evolution.a
Strain I50atrazine (μM) I50diuron (nM) I50bromoxynil (μM)
Wild type 11.0 750 120
Δ(E13–N15) 2.5 330 25
Y20A 2.0 350 100
a The rates of oxygen evolution from cyanobacteria cells weremeasured in the absence
of electron acceptors.
1444 H. Luo et al. / Biochimica et Biophysica Acta 1837 (2014) 1435–1446ﬂash in the presence and absence of DMBQ indicated that the QB-
binding site was altered in the Δ(E13–N15) strain. Interestingly, the
back reaction with the donor side of PS II in the presence of diuronwas not affected (Supplementary Fig. S4) suggesting that there was
no apparent change associatedwith theQA-binding site ormidpoint po-
tential of the QA/QA− couple. That the QB-site was speciﬁcally targeted
was corroborated by the approximately two-fold increase in the KD for
atrazine in the herbicide-binding assay (Fig. 2D). This was further sup-
ported by the increased sensitivity of oxygen evolution in this strain to
all three classes of herbicide clearly suggesting an altered binding envi-
ronment (Figs. 9 and S3; Table 4) and by the varied effects of DMBQ and
DCBQ on oxygen evolution in theΔ(E13–N15) andwild-type cells. Since
the QB-binding site turns over after two actinic ﬂashes we alsomeasured
the impact of DMBQ on the decay of chlorophyll ﬂuorescence as a func-
tion of single turnover ﬂashes spaced at 200 ms (Supplementary Fig. S5
and S6). The inhibition was increased after the second ﬂash and
remained inhibited to a similar extent out to ﬁve turnovers suggesting
that the two-electron gate was inoperable in the presence of DMBQ in
the Δ(E13–N15) cells.
The Δ(E13–N15) mutant was highly susceptible to photodamage
(Fig. 4). This is also consistent with the proposed disruption of the QB-
binding environment through conformational changes relayed between
CP47, the D–E loop of D1 and His-215 of D1 as depicted in Fig. 10
[52,53]. A comparison was made between the Δ(E13–N15) cells and
the Y20A cells as the Y20A mutant was sensitive to photodamage [24].
Typically the phenotype of the Y20A was less severe than that of the
Δ(E13–N15) cells in the various assays and in particular the Y20A cells
retained the same sensitivity as that of the wild type towards the
phenolic herbicide bromoxynil and displayed a different dependence on
the exogenous electron acceptors DMBQ and DCBQ in oxygen evolution
assays (Fig. 5). These results suggest that the QB-binding environment
in the Y20A cells, although altered from the wild type, was distinct
from that in the Δ(E13–N15) mutant.
The D1:Δ(R225-F239) strain discussed above and the PsbL:Δ(E13–
N15) strain differ in their susceptibility to photodamage. In thepresence
of DMBQ, oxygen evolution was rapidly inactivated in both mutants;
however, in the presence of bicarbonate D1:Δ(R225-F239) cells were
rapidly photodamaged but the PsbL:Δ(E13–N15) strain was not. Our
data in Fig. 4B, C demonstrated that the ability of PsbL:Δ(E13–N15)
(and Y20A) cells to tolerate high-light-induced stress in the presence
of bicarbonate was dependent on protein synthesis but the control
strain exhibited protein-synthesis-independent recovery. Protein-
synthesis-independent recovery was also reported for the D1:Δ(R225-
F239) mutant following photodamage in the presence of bicarbonate
and it was suggested that this recovery represents an initial reversible
component of photodamage associated with changes in the vicinity of
the QB-binding site in the D1:Δ(R225-F239) strain [49]. Although
seen in our control and in D1:Δ(R225-F239) cells, protein-synthesis-
independent recovery was not observed in the PsbL:Δ(E13–N15) and
Y20A mutants. This suggests that the disruption of the QB site in PsbL:
Δ(E13–N15) cells, and in the Y20A strain, induced a greater suscep-
tibility to photodamage than the 14-amino-acid deletion seen in
the D1:Δ(R225-F239) mutant. Moreover, in the study by Mulo and
co-workers [49] protein-synthesis-independent recovery from
photodamage was not observed in their control that only retained
the psbA2 gene from the three copies of psbA found in Synechocystis
6803. Thus the ability of wild-type cells to adapt to high-light-
induced stress, and to exhibit the initial reversible component of
Fig. 10.Model of the interactions of the N-terminus of PsbL with CP47 and D1 on the acceptor side of PS II. The data are from PDB ID: 3ARC [5] and depict the acceptor side of PS II from
Thermosynechococcus vulcanus and the numbering system shown is for this cyanobacterium. T. vulcanus has a two-amino-acid deletion in PsbL with respect to Synechocystis sp. PCC 6803
and has the same sequence and numbering as T. elongatus (Fig. 1 and Supplementary Fig. S1). The ﬁgure was displayed using PyMOL [61].
1445H. Luo et al. / Biochimica et Biophysica Acta 1837 (2014) 1435–1446photodamage under appropriate experimental conditions, may require
an active copy of psbA3 (or even psbA1) [54–56].
The equivalent Tyr to Synechocystis 6803 Tyr-20 in T. vulcanus is Tyr
18. This residue is hydrogen bonded with the main chain carbonyl oxy-
gen of Phe-19 and Phe-23 of the LMW PsbT subunit and potentially this
Tyr also makes hydrophobic interactions with PsbT residues Leu-16 and
Ala-20, a sulfoquinovosyldiacylglycerol lipid, and a phosphatidylglycerol
molecule (Supplementary Fig. S7–S9). Lipids play distinct structural
roles in PS II (reviewed in [57,58]) and blocking the synthesis of
phosphatidylglycerol has been shown to block QA to QB electron transfer
in Synechocystis 6803 [59,60]: while deletion of PsbT also slowedQA to QB
electron transfer [21]. Thus it is likely thatmutation at Tyr-20 of PsbLmay
affect the QB-binding site environment through interactions with PsbT
and PS II-speciﬁc structural lipids.
Altogether, there are three phosphatidylglycerol molecules in the
vicinity of QA as well as in the proximity to the PsbL and PsbT pro-
teins at the monomer–monomer interface of the PS II dimer, and
these are capped by the D–E loop of D1; there is also a further
phosphatidylglycerol located in proximity to QB. It therefore appears
likely that disruption of protein–lipid interactions in the Δ(P11–V12)
and Δ(E13–N15) mutants will also contribute to the reduced PS II
dimer stability observed in these strains (Supplementary Fig. S10).
We conclude that in addition to the requirement for PsbL to be
bound to the CP43-less subcomplex so as to ensure correct assembly
of PS II, the N-terminal hydrophilic region of PsbL modiﬁes the QB-
binding environment. This interaction may be relayed through PsbL in-
teractions with CP47 that inﬂuence the D–E loop of D1. Disruption of
these interactions by the introduction of short deletions decreases the
afﬁnity of the QB-binding site for QB but increases the afﬁnity for PS II-
directed herbicides and results in the PS II-speciﬁc electron acceptor
DMBQ becoming an effective inhibitor of forward electron transfer.
Mutations at Tyr-20 may also affect the QB-binding environment via
interactions involving PsbT and PS II structural lipids.
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